Respiratory tract infections are frequent among Hajj pilgrims. We conducted this study to describe the dynamics of the acquisition of respiratory pathogens, their potential interactions and risk factors for possible lower respiratory tract infection symptoms (LRTI) among French pilgrims during the 2018 Hajj. Pilgrims from Marseille who were participating in the Hajj were recruited. Each participant underwent four successive systematic nasopharyngeal swabs before and during their stay in Saudi Arabia. Carriage of the main respiratory pathogens was assessed by PCR. 121 pilgrims were included and 93.4% reported respiratory symptoms during the study period. Polymicrobial carriage was observed in 73.8% samples. The acquisition of rhinovirus, coronaviruses and Staphylococcus aureus occurred soon after arrival in Saudi Arabia and rates decreased gradually after days 5 and 6. In contrast, Streptococcus pneumoniae and Klebsiella pneumoniae carriage increased progressively until the end of the stay in Saudi Arabia. Haemophilus influenzae and Moraxella catarrhalis carriage increased starting around days 12 and 13, following an initial clearance. Influenza viruses were rarely isolated. We observed an independent positive mutual association between S. aureus and rhinovirus carriage and between H. influenzae and M. catarrhalis carriage. Dual carriage of H. influenzae and M. catarrhalis was strongly associated with S. pneumoniae carriage (OR = 6.22, 95%CI [2.04-19.01]). Finally, our model showed that M. catarrhalis carriage was negatively associated with K. pneumoniae carriage. Chronic respiratory disease was associated with symptoms of LRTI. K. pneumoniae, M. catarrhalis-S. aureus and H. influenzae-rhinovirus dual carriage was associated with LRTI symptoms. Our data suggest that RTIs at the Hajj are a result of complex interactions between a number of respiratory viruses and bacteria.
Introduction
Each year, an increasing number of people travel to the Kingdom of Saudi Arabia (KSA) for the Hajj and Umrah pilgrimages, which attract around 10 million pilgrims annually from more than 180 countries. More than two million pilgrims from outside Saudi Arabia participated in the Hajj pilgrimages in 2017 [1] . Each year, about 2,000 pilgrims from Marseille, France, participate in the Hajj [2] . The event presents major challenges for public health, including inter-human transmission of infectious diseases, notably respiratory tract infections (RTIs), due the crowded conditions experienced by pilgrims [1] . In a recent study on morbidity and mortality among Indian Hajj pilgrims, infectious diseases represented 53% of outpatient diagnoses, with RTIs and gastroenteritis being the most common [3] . Between 69.8% and 86.8% of French pilgrims presented RTI symptoms during the Hajj [4] . A recent literature review suggested that etiology of RTIs at the Hajj is complex; several studies showed a significant acquisition of respiratory pathogens by pilgrims following participation in the Hajj in both symptomatic and asymptomatic individuals [5] . In a systematic review of 31 studies, Al-Tawfiq et al. showed that human rhinovirus (HRV) and influenza viruses were the most common viral respiratory pathogens isolated from ill Hajj pilgrims [6] . In addition, human non-MERS coronaviruses (HCoV) were also a common cause of RTIs during the event [7] . On the other hand, Streptococcus pneumoniae, Haemophilus influenzae and Staphylococcus aureus were shown to be the most commonly acquired respiratory bacteria at the Hajj [5] .
RTIs are caused by the antagonistic and synergistic interactions between upper respiratory tract viruses and predominant bacterial pathogens [8] . Pathogens are usually studied individually, although in their natural environment they often compete or coexist with multiple microbial species. Similarly, the diagnosis of infections often proceeds via an approach which assumes a single-agent etiology [9] .
Nevertheless, complex interactions occur between the different infectious microorganisms living in the same ecological niche and mixed infections are frequent [10] . 5 A better understanding of polymicrobial interactions in the nasopharynx among Hajj pilgrims is important for many reasons. Carriage of more than one pathogen is common among Hajj pilgrims, whether or not they present with respiratory symptoms [7] . Colonisation is the initial step in the disease process [11] . Nasopharyngeal colonisation is likely to be a reservoir for respiratory pathogens resulting in interhuman transmission between pilgrims during close contact experienced during the Hajj ritual. Furthermore, antibiotic use or vaccines, which target specific pathogen species, may alter polymicrobial interactions in the nasopharynx and have unanticipated consequences [12, 13] . To our knowledge, the dynamics and interaction between the main respiratory pathogens acquired during the Hajj pilgrimage have not been specifically investigated, to date. Risk factors for possible lower respiratory tract infection (LRTI) symptoms at the Hajj have not been studied.
We conducted this study among French pilgrims during the 2018 Hajj, to describe the dynamics of the acquisition of respiratory pathogens and their potential interactions. In addition, we investigated risk factors for possible LRTI symptoms.
Results

Characteristics of study participants
The study included 121 pilgrims. The sex ratio of the population was 1:1.3 and the median age was 61 years with 58.7% of pilgrims aged 60 years and over. Most pilgrims were born in North Africa (66.9%) and sub-Saharan Africa (26.5%). There was a high prevalence of overweight (46.3%), obesity (28.1%), diabetes mellitus (25.6%) and hypertension (25.6%) and 13.2% participants reported that they suffered from chronic respiratory disease. In line with French recommendation, 88/121 pilgrims (72.7%) had an indication for vaccination against invasive pneumococcal disease (IPD) [14, 15] (Table 1) . Most ill pilgrims presented the onset of respiratory symptoms when stationed at Mecca with a second minor wave in Mina (Fig 1) . A dramatic increase in HRV carriage was observed on days 5 and 6 of the pilgrimage with prevalence 24 times higher than that of pre-travel. HRV carriage decreased progressively in was associated with a five-fold increase in the prevalence of febrile dyspnea (Table 4 ). 
Discussion
Despite the recommendation to take individual preventive measures to prevent RTIs [16, 17] , these infections remain common among Hajj pilgrims. Overcrowding during the event is thought to increase the risk of the transmission of infectious diseases, but interaction between respiratory pathogens is probably one factor contributing towards the development of RTIs. To our knowledge, no study on respiratory microbiota alteration among pilgrims during the Hajj has been conducted. Our results about the occurrence of RTI symptoms are in line with previous results obtained regarding French pilgrims [18] and others [1, 19] . Notably, we observed that RTI symptoms occur soon after the pilgrims' arrival in Mecca, with most symptoms starting between 4 to 13 days after arrival, corresponding to the period when pilgrims are stationed in Mecca hotels and are visiting the Grand Mosque daily, where highly crowded conditions are common [7] . We also confirmed that an overall increase in the carriage of respiratory viruses and bacteria can be seen when comparing pre-travel samples and post-Hajj samples, as previously documented [7, 12, [19] [20] [21] [22] . Higher acquisition rates were observed for rhinovirus with a ninefold increase when comparing pre-travel to post-Hajj carriage and for S. pneumoniae with a seven-fold increase, but an increase was observed for all pathogens tested in this study. The unique design of our study with sequential systematic sampling at regular intervals allows for a better understanding of the dynamics of pathogen carriage during the pilgrimage.
Carriage rates of bacteria and viruses in this study are in line with those observed during recent studies conducted on French pilgrims and in pilgrims of other nationalities, using the same methods of detection [7, [19] [20] [21] [22] .
The acquisition of respiratory viruses and S. aureus occurred soon after arrival in Saudi Arabia and decreased gradually after days 5 and 6. By contrast, S. pneumoniae and K. pneumoniae carriage increased progressively until the end of the visit, H. influenzae and M. catarrhalis carriage increased later, after an initial clearance.
We hypothesise that the brutal acquisition of respiratory viruses upon arrival was the initial step that triggered subsequent changes in the relative abundance of resident bacteria [23] that were already present in the nasopharynx of pilgrims. The apparent simultaneity of viruses and S.
aureus carriage increase and the initial wave of respiratory symptoms, suggests that this pathogen association was responsible for the RTIs that affected most pilgrims soon after arriving in Mecca. The subsequent increase in resident bacteria that occurred during the second half of pilgrims' stays in Saudi Arabia appears to be contemporaneous with a second wave of respiratory symptoms, suggesting that these RTIs were of bacterial origin.
Regarding interaction between respiratory pathogens, we observed a very clear pattern of positive association between the carriage of S. aureus and rhinovirus with acquisition curves which were strictly parallel. Furthermore, an independent positive mutual association between the carriage of the two pathogens was evidenced in our multivariate model. Several studies revealed a positive interaction between natural or experimental rhinovirus infection and S.
aureus nasal carriers [24] [25] [26] [27] [28] . These studies also underlined that rhinovirus infection may facilitate the propagation of S. aureus from staphylococcal carriers to the environment and the transmission of the bacterium between humans. Among healthy persons who were experimentally infected by rhinovirus, the relative abundance of S. aureus first increased and then returned to its baseline level after the rhinovirus infection was cleared [29] . These results suggest that changes in the composition of the respiratory microbiota following rhinovirus infection may play a role in the development of bacterial superinfection. Morgene et al. proposed several potential mechanisms through which rhinovirus may increase bacterial infection [30] .
Rhinovirus infection promotes pro-inflammatory cytokines and IFN production mainly through the activation of NFκB. In rhinovirus infected cells, the adherence of S. aureus was significantly higher compared to uninfected cells. The inflammation due to rhinovirus infection also increased cellular patterns that facilitate the adhesion and internalisation of S. aureus within host cells [30] .
We also observed a parallel increase of H. influenzae and M. catarrhalis carriage in days 12 and pneumoniae [32] . Co-colonisation of S. pneumoniae or H. influenzae with M. catarrhalis associating with increased risk of otitis media has been documented [34] . Using in vivo models, mixed species biofilms play a role in increasing the persistence of ear disease [35] . Other proposed mechanisms for positive associations between bacterial species include interspecies quorum sensing and passive antimicrobial resistance, which have been observed in experimental models of otitis media [36] .
Finally, our model showed that M. catarrhalis carriage was negatively associated with K.
pneumoniae carriage which, to our knowledge, has not previously been published.
Additionally, we found that the male gender was independently associated with an increase in rhinovirus and S. pneumoniae carriage. We have no explanation for this unexpected observation.
The carriage of S. pneumoniae was higher among pilgrims with chronic respiratory disease which support the current French recommendations that vaccination against IPD be proposed to 20 at-risk pilgrims [37] . In one of our recent studies, pilgrims who were vaccinated against IPD were seven time less likely to harbour S. pneumoniae after the Hajj compared to unvaccinated pilgrims [20] . In this study, the use of disposable handkerchiefs was associated with a significant decrease in H. influenzae carriage. Non-pharmaceutical individual preventive measures such as cough etiquette, hand hygiene, use of a face mask, disinfectant gel and disposable handkerchiefs are recommended for Hajj pilgrims [17] . Nevertheless, the effectiveness of these measures has been poorly investigated and available results are contradictory [17] . The apparent association between antibiotic use and HCoV and K. pneumoniae carriage warrants further investigation to better explore this unexpected observation.
We also confirm that chronic respiratory disease is a risk factor for LRTI. We also evidenced the Our study has some limitations. The study was conducted among French pilgrims only with a relatively small sample size and cannot be generalised to all pilgrims. qPCR used to detect respiratory pathogens does not distinguish between dead and living micro-organisms. Only a small number of respiratory pathogens were investigated. Respiratory bacteria serotypes were not investigated. Influenza viruses were not included in the model due to low carriage rates.
Nevertheless, our study is the first study on the dynamics of and interaction between the respiratory pathogens that are most frequently isolated among Hajj pilgrims. Our data suggest that RTIs at the Hajj are a result of complex interactions between a number of respiratory viruses and bacteria. Further studies aimed at studying the respiratory microbiota with tools allowing the identification of larger numbers of pathogens will be necessary to better elucidate these ecological changes and their potential role in the occurrence of respiratory symptoms.
Materials and methods
Participants and study design (Fig 2) Hajj rituals took place from 19-24 August. Influenza-like illness (ILI) was defined as the presence of cough, sore throat and subjective fever [38] . Possible LRTI was defined by presence of productive cough without nasal or throat symptoms; febrile productive cough; dyspnea or febrile dyspnea [18] . Based on the WHO classification, "underweight" was defined as having a body mass index (BMI) below 18.5, "normal" corresponded to a BMI between 18.5 and 25, "overweight" corresponded to a BMI ≥25, and "obese" referred to those with a BMI ≥30 [39].
Respiratory specimen. Nasopharyngeal swabs were obtained from each pilgrim, transferred to Sigma-Virocult ® medium and stored at -80°C until processing.
Identification of respiratory pathogens
The RNA and DNA were extracted from the samples using the EZ1 Advanced XL (Qiagen, pneumoniae and copB gene of Moraxella catarrhalis were amplified with internal DNA extraction controls TISS, as previously described [19, 41] .
Negative controls (PCR mix) and positive controls (DNA from bacterial strain or RNA from viral strain) were included in each run. Positive results of bacteria or virus amplification were defined as those with a cycle threshold (CT) value ≤35.
Pilgrims were considered to be positive for respiratory pathogens during the Hajj if they were positive at the days 5 and 6 and/or days 12 and 13 sample. being random effect was used to estimate the relationships between respiratory pathogens and to take into account the repeated measures for pathogen carriage for each subject.
Statistical
Regarding risk factors for LRTI, the outcome was possible LRTI symptoms reported during the Hajj. The independent factors were sociodemographic characteristics (gender, ≥60 years), chronic respiratory disease, smoking status, BMI classification; vaccination against influenza, vaccination against IPD, respiratory virus or bacteria and dual carriage during the Hajj.
Unadjusted associations between multiple factors and possible LRTI symptoms were examined using univariable analysis. Variables with p values <0.2 in the univariable analysis were included in the multivariable analysis. A logistical regression model was used to estimate factors' adjusted odds ratios regarding possible LRTI.
The results were presented by odds ratio (OR) with a 95% confidence interval (95%CI). Results with a p value ≤0.05 was considered to be statistically significant. 
